ABSTRACT: Monthly temperature records are assembled for 57 European stations, with some of the records extending nearly two and a half centuries. Our analyses reveal a statistically significant warming of approximately 0.5°C over the period 1751 to 1995. The period of most rapid warming in Europe occurred between 1890 and 1950, and there is quantitative evidence that some of the observed warming during this 60 yr period may be related to urbanization or other local effects; no warming was observed in the most recent half century. Urban effects or other local contaminations in the earliest records could not be quantified due to a dearth of reliable comparable data. The long-term warming in Europe has been confined to the low-sun months, and the coldest period since 1751 occurred near 1890.
INTRODUCTION
Interest in climate change has increased over the past decade due largely to the predictions associated with the greenhouse effect. According to many climatologists, the continued buildup of greenhouse gases in the atmosphere will lead to a substantial increase in planetary temperature, a rise in sea level, melting of ice caps and glaciers, and droughts in the continental interiors (Houghton et al. 1996) . The temperature rise for mid-to-high latitude land areas such as Europe is predicted to be substantially greater than the increase expected for the planet as a whole (e.g. Cubasch et al. 1996 , Jones et al. 1997 , Déqué et al. 1998 ). These and other predictions for the future, and their implications for ecosystems and human societies, have led many scientists to examine the climatic records from throughout the world in hopes of finding signals that may or may not be consistent with the 2 × CO 2 simulation results.
For most of the planet, temperature records are sparse, particularly before the turn of the 20th century. Large ocean basins, desert regions, and mountainous areas are especially limited in their long-term historical temperature records. When interest is focused on temperature records that extend back in time by more than a century, few areas qualify for any meaningful analysis. Exploring these longer-term records is critical in understanding the reported 0.6°C temperature rise of the past century. For example, it is entirely possible that the warming in the record of the past century has been caused by an unusually cool period 100 yr ago as opposed to an unusually warm period in recent decades.
Fortunately, long-term monthly mean temperature records of over 2 centuries exist for dozens of stations throughout Europe. Although some of these data have been used effectively in analyses by other scientists (e.g. Jones et al. 1986 , Arseni-Papadimitrou & Maheras 1991 , Jones 1994 , Weber 1994 , Balling 1995 , Charvá-tová & Strestik 1995 , significant questions remain regarding the reliability and representativeness of these long-term records. In addition, many temperature observations are available for European stations that have not been identified or used in past published research. Given the potential importance of these records to many interrelated climate change questions and potential impact issues, we (1) assess the availabil-ity of long-term European monthly mean temperature records and (2) identify any spatially coherent trends or discontinuities in the long-term historical temperature records.
MONTHLY TEMPERATURE DATA SETS
Three basic mean monthly temperature data sets are developed and/or used in this investigation; each is described in the following subsections.
2.1. The Jones temperature record. Although other regional temperature records are available from the thermometer network of the world (e.g. Hansen & Lebedeff 1987 , Vinnikov et al. 1990 ), the most popular and widely used record has been developed and maintained by Jones (1994) . Jones carefully assesses the homogeneity and representativeness of each time series, and every effort is made to identify and eliminate errant values. He converts the monthly observations (from both terrestrial and ocean areas) into 5°lat-itude by 5°longitude grid-box data, and all values are expressed as anomalies from a reference period defined as 1961 to 1990. The Jones record extends back to 1856 for most of the grid cells that cover Europe. In this investigation, the Jones monthly mean temperature records are assembled from 35°N to 70°N and 10°W to 55°E (Fig. 1). 2.2. Adjusted Global Historical Climatology Network temperature record. We extracted 50 qualitycontrolled, homogeneity-adjusted stations ( Fig. 1) with data for 1851 to 1991 from the Global Historical Climatology Network (GHCN) database (Peterson & Vose 1997) . The GHCN database actually contains a much larger number of stations for the study area. The present analysis, however, required all stations to have records before 1850, after 1960, and have no more than 1 'data gap' of 10 yr in length. These requirements dramatically reduced the number of available stations.
Each of these stations was subjected to the rigorous quality assurance procedure documented in Peterson et al. (1998) Fig. 1 ). While not completely homogeneous, these stations nonetheless represent an excellent opportunity to examine temperature patterns in Europe prior to 1851. The set was assembled by gathering climatic records from dozens of sources, subjecting these records to the same rigorous quality assurance reviews that were used in the development of the GHCN (except for a spatial outlier check, which could not be performed on all stations because of the lack of neighboring stations), and systematically selecting a set of stations that met the same period of record and completeness requirements applied in the selection of the adjusted network. Given the comprehensiveness of GHCN and the strict period of record requirements, this set only contains 7 more stations than the adjusted set.
RESULTS FROM 1851-1991
To be consistent with the Jones record, we converted each temperature value for each month and station to a monthly anomaly based on the 1961 to 1990 'normal' period. Some of the stations had limited data from the base period, and in those cases we adjusted the period by up to 10 yr. We then adjusted nearby stations similarly and determined the impact on their 'normals'; we used that adjustment in calculating the monthly anomalies for the stations with the limited data in the 1961 to 1990 period. The adjustments were small, and the procedure appeared to have no discernible impact on the final results. We then averaged the monthly anomalies for all available stations, and we also explored various gridding schemes to areally average the monthly data. Again, these decisions appeared to have only small impacts on the European-wide time series.
Over the period 1851 to 1991, the adjusted GHCN data reveal a statistically significant linear warming of 0.05°C decade -1 (Fig. 2 ) while the Jones record shows a warming of 0.04°C decade -1 from 1856 to 1991. The 2 data sets have a correlation of 0.88 and share the same basic variations and trends since the middle of the last century. Both data sets show a slight cooling from the middle of the last century to about 1890, a statistically significant warming from 1890 to 1950, cooling from 1950 to 1970 and a slight warming since the early 1970s. The record shows that the coolest period in Europe over the past century and a half occurred near 1890; similar findings can be found from many other analyses of European temperature times series (e.g. Manley 1974 , Goossens & Berger 1986 , Bárdossy & Caspary 1990 , Arseni-Papadimitrou & Maheras 1991 , Balling & Idso 1992a , b, Bradley & Jones 1992 , Coops 1992 , Parker et al. 1992 , Kozuschowski et al. 1994 , Schönwiese et al. 1994 , Weber 1994 , Balling 1995 , Butler & Johnston 1995 , Charvátová & Strestik 1995 , Esteban-Parra et al. 1995 , Brázdil et al. 1996 , Oñate & Pou 1996 . In addition, as shown in Fig. 3 , the greatest warming occurs in the period November to May, and the least warming (and even cooling) occurs in the June to October months. The seasonality of the temperature trends is consistent with the numerical simulation of Jones et al. (1997) , who found twice as much warming in December to February as June to August for an increase in atmospheric carbon dioxide levels.
The rapid and near-linear warming from 1890 to 1950 occurred at a rate of 0.15°C decade over the same period. The rate for the GHCN data is so great that one must wonder if urbanization or some other local effect during this period contributed to the observed warming in the GHCN data. The following analyses suggest that urbanization made a contribution to the observed pattern:
(1) The Jones temperature records were collected for 2 oceanic cells located close to the European continent with nearly continuous data through the period of interest. One cell is in the North Sea, centered on 57.5°N, 2.5°E, while the other oceanic cell is located west of France, centered on 47.5°N, 7.5°W. The average temperature anomalies for these oceanic cells show a statistically significant warming of 0.07°C decade -1 from 1890 to 1950, indicating that the European region warmed over this period of 6 decades, but the land-based stations warmed twice as fast as the oceanic observations.
(2) The GHCN time series from the 50 stations was treated as the dependent variable and the Jones oceanic data set (T o ) was treated as the independent variable in a simple linear regression analysis. The resulting equation developed over the period 1856 to 1991 takes the form GHCN = -0.01 + 0.98T o , and the R-value is 0.58. In theory, the residuals from this equa- (Fig. 4) . This result suggests that approximately half of the observed warming in European GHCN data over the period 1890 to 1950 may be related to urbanization effects (or some other process) and not to regionalscale warming.
(3) Similarly, the GHCN time series was again treated as the dependent variable and the Jones global (land and sea) temperature (T g ) dataset was treated as the independent variable in a regression analysis. This equation developed over the period 1856 to 1991 takes the form GHCN = 0.21 + 1.14T g , the R-value is 0.41, and the residuals from this analysis show a significant trend of 0.07°C decade -1 over the 1890 to 1950 period. This result also suggests that as much as half of the observed warming European GHCN data over the period 1890 to 1950 may be related to urbanization or other local effects.
Even without some contaminating local effects, there is ample evidence that Europe was cool in the late 19th century, and warming occurred up to about 1950. But even with potential urban effects, the GHCN and the Jones records both show a cooling from 1950 to the mid-1970s and then a warming in the most recent period. Other investigators (e.g. Bárdossy & Caspary 1990 , Beniston et al. 1994 , Schönwiese et al. 1994 have linked these general temperature trends to variations in the (1) regional upper-level atmospheric circulation patterns, (2) European barometric pressures, and (3) the North Atlantic Oscillation.
RESULTS FROM 1751-1995
A time series extending back to 1751 was extracted from raw data available through both the unadjusted GHCN collection (i.e. the pre-1851 data) and our own efforts to secure additional long-term station temperature data from European stations. As described earlier, each time series was converted to monthly anomalies based on a 1961 to 1990 base period, the monthly anomalies were averaged for all available stations, and the resulting monthly anomalies were averaged to generate a European mean annual anomaly. We again used various gridding schemes and found that gridding the data did not impact the final results. Obviously, as we extended the analyses further back in time, the number of stations declined and the distribution of the network changed substantially. This ) by month for the adjusted GHCN time series over the period 1851 to 1991.
Error bars are for the 0.05 level of confidence inevitable problem introduces increasing uncertainty into our findings for the earlier years in the record. Some of the stations undoubtedly experienced urban warming during the earliest part of the study period (Dronia 1967) , but due to the lack of reliable and comparable data, no attempts were made in this investigation to determine the urban contamination during the period of the earliest temperature records. As a result, significant urban warming may be present in the earliest records, particularly given the growth that occurred in the early years in such centers as Greenwich, Paris, Oslo, Milan, Berlin, St. Petersburg, and Geneva. Over the period 1851 to 1991, a simple regression analysis between the adjusted GHCN data and the unadjusted data, T unadj , took the form GHCN = 0.108 + 1.028T unadj , where the R-value was 0.98 and the standard error was 0.017°C. The resulting regression equation was applied to the data from 1751 to 1850 to generate a time series more compatible with the GHCN series. We eliminated stations from these analyses to determine the effect of a changing network through time, and we did not find that the change in network was substantially influenced the results. Finally, a regression equation in the form GHCN = 0.176 + 1.188 Jones (with R equal to 0.88 and standard error equal to 0.055°C) allowed for the GHCN series to be estimated for the 1992 to 1995 period.
The resulting 1751 to 1995 time series shows a significant trend of 0.02°C decade -1 for the entire 245 yr period (Fig. 2) . A second degree polynomial curve was applied to the data, but the explained variance did not significantly improve. The extended long-term time series of temperatures shows a small, statistically insignificant cooling from 1751 to 1890, warming to 1950, cooling to the mid-1970s, and warming in the most recent period. The smoothed, 11 yr running average temperature anomalies also showed that the period near 1890 was the coldest time in the past two and a half centuries. This long-term record is highly correlated with other local and regional temperature series within the European area. For example, the central England temperature time series of Manley (1974) has a correlation of 0.75 with the series developed in this investigation, though this high correlation is not entirely unexpected since some stations from central England were used in this study. A correlation of 0.80 exists between these GHCN-based data and the Austrian temperature record developed by Böhm (1992) over the period 1775 to 1989 . Balling (1995 described an 8 station network in and around Germany with temperature data extending from 1775 to 1989, and a correlation of 0.91 exists between that record and the one developed in this study. In addition, Briffa et al. (1988) used tree rings to reconstruct European summer temperatures from 1750 to 1850, and they described cool conditions in 1812 to 1816, warm summers in the 1820s, and cool weather throughout the 1830s. Each of these subperiods of unusually warm or cool temperatures is in gen- eral agreement with the annual temperatures presented in Fig. 2 .
The long-term temperature anomalies are judged to be normally distributed according to a KolmogorovSmirnov test. The first-order autocorrelation is small (r = 0.21), and a Box-Jenkins model fit to the time series confirms a small autocorrelation in the data and a significant, but small, deterministic trend term. The seasonal patterns for the long-term record are in agreement with the patterns shown in Fig. 3 for the time series beginning in 1851.
CONCLUSIONS
The following 3 major conclusions can be drawn from the development and analyses of the long-term European temperature record:
(1) The temperature time series for Europe shows a warming of approximately 0.5°C over the past 245 yr. The period of most rapid warming in Europe occurred between 1890 and 1950, and there is evidence that some of the observed warming during this 60 yr period may be related to urbanization or other local effects. Although difficult to quantify, there is reason to believe that the earlier records were also influenced by urban effects. Despite potential urban contamination to the temperature records, Europe has not experienced warming over the past 45 yr.
(2) Warming observed in Europe has been confined to the low-sun months. Some months during the summer season show a slight cooling in the long-term records.
(3) Our data suggest that the coldest period since 1751 occurred near 1890.
Europe represents less than 2% of the earth's surface, and trends and variations determined for Europe are certainly not global and may tell us little about the planetary response to the changes occurring in atmospheric composition. Nonetheless, some climate models predict substantial warming in Europe as the greenhouse gas concentrations increase, with the greatest warming to occur during the winter season (Jones et al. 1997) . Our analyses certainly confirm the prediction of warming in winter, but the overall observed warming rate appears to be lower than what has been predicted by numerical climate models.
